Placental Amino Acid Uptake. 11 Extract nism increases transport activity when tissue is preincubated in vitro before measurement of uptake. The second mechanism Human tissue was incubated with the apparently decreases existing uptake activity when amino acids nonmetabolizable amino acid analog, a-aminoisobutyric acid are present intracellularly in high concentrations. In viva these (AIB). A previous investigation demonstrated that AIB uptake mechanisms could be the basis for regulation of amino acid into intracellular fluid is markedly increased by preincubation transfer from mother to fetus.
of tissue in a balanced salt, glucose-containing medium. This increase in transport capacity with preincubation has now been found t o be blocked completely by cycloheximide, dinitrophenol, or cyanide, which indicates that the process requires protein synthesis and aerobic metabolism.
Inasmuch as increases in AIB uptake with preincubation were reported in other tissues to be regulated by amino acids in the medium, effects of amino acids were studied in the placenta. Preincubation of placental tissue with alanine did result in a transport activity which was lower than that of control preincubated tissue. However, two types of experiments indicated that this difference results from inhibition of transport activity by intracellular alanine accumulated during preincubation rather than from blockage of formation of new transport capacity during preincubation. ( I ) Much of the difference between control and alanine-preincubated tissue was eliminated by short additional preincubations in cycloheximide-containing, alanine-free medium; a treatment which should lower intracellular alanine concentration but not permit protein synthesis. (2) Preincubation with AIB permitted measurement of both intracellular concentration and transport activity. Addition of AIB t o control preincubated tissue caused concentrating ability t o fall as intracellular concentration increased. When AIB and control preincubated tissue were tested with the same intracellular AIB concentration, their transport activities were the same.
The rate of increase in concentrating ability with preincubation was inversely related to the amount of tissue per volume of preincubation medium and was enhanced by changing the medium at intervals. Preincubation of new placental tissue in medium which had been used previously for preincubation resulted in a smaller increase in concentrating ability than did preincubation of the same tissue in fresh medium. These findings were not dependent on glucose concentration or pH. During preincubation, some as yet unidentified tissue substance is apparently released into the medium and inhibits the increase in transport activity.
Specula tion
The mammalian fetus utilizes amino acids both for the formation of new tissue protein and for catabolism (12, 13) . Amino acids are actively transported by the placenta and their concentrations are higher in fetal blood than in maternal (4, 5 , 7, 11, 24) . The relatively large quantities of amino acids required for the needs of the fetus and their importance in fetal nutrition lead t o the use of i n vitro techniques for the study of placental transport mechanisms (6, 16, 17, 23 ).
An earlier study demonstrated a technique for preparing uniform samples of villous tissue from human placentas, incubating these in vitro, and studying uptake of radioactive amino acid into intracellular water (22) . Placental villous tissue was preincubated 30-300 min in a balanced salt, glucosecontaining medium before exposure to amino acid. This treatment caused a fivefold increase in subsequent uptake of the nonmetabolizable amino acid analog, a-aminoisobutyric acid (AIB). The increase was shown t o result from a large increase in the maximum velocity and a small decrease in the K, of the transport process. In this paper, this phenomenon is termed "the preincubation increase in transport capacity" or sometimes simply "the preincubation increase."
This preincubation increase allows placental tissue t o vary its uptake of amino acids in response t o as yet unidentified environmental stimuli. Because this variation observed in vitro could be a basis for in vivo control of transfer of amino acids from mother t o fetus, it was important t o investigate its regulation. To achieve the precision required for such study it was first necessary t o understand and control the apparent variation in inulin space with incubation of placental tissue (22) . This paper describes initially studies which showed the basis of this variation and made possible more precise comparison of cellular amino acid uptake. The role of protein synthesis, aerobic metabolism, medium and tissue amino acid levels, and other metabolic factors in regulation of AIB uptake were then investigated.
METHODS GENERAL PROCEDURES
Amino acids required by the fetus must be supplied by the placenta. In vitro incubation of placental tissue has identified Placentas were obtained from elective cesarean section or and partially characterized two potential mechanisms for vaginal delivery at term. Tissue fragments were prepared, regulation of placental amino acid uptake. The first mecha-incubated, subjected t o pressure-blotting, weighed, and ana-697 SMITH AN1 1 DEPPER lyzed as described previously (22) . Preincubation was performed in 125-ml or 250-ml Erlenmeyer flasks, 30-35% filled with medium (22) , and maintained at 37O in a rotating shaker bath. Except where stated, tissue concentration was 2-4 g/100 ml and was uniform in any one experiment. Tissue fragments weighing 100-250 mg were transferred t o 50-ml flasks containing 15 ml fresh medium for incubation with 0.1 mM (' 4~)~~~ for 2 0 or 30 min t o measure transport activity (method 2, Reference 22). Transfer t o fresh medium avoided potential interference in the transport measurement itself by substances which might be present in preincubation medium. Transport activity was expressed as the ratio of the concentration of (' C)AIB in intracellular water t o that in medium.
TISSUE FLUID DISTRIBUTION
Two methods were used for measurement of extracellular space with inulin. In method I , used in the studies of metabolic inhibitors and in some of the studies of amino acid preincubation, inulin was present throughout the entire preincubation-incubation sequence. In method 2, used in the remaining studies of amino acid preincubation and in studies of medium transfer (Figs. 8-10), inulin was added t o all tissue in an individual experiment at a constant time (30 or 60 min) before termination of incubation.
This second method is a change from that of the previous study. Its use was based on two preliminary experiments. Inulin space of placental villous tissue was observed previously t o increase as incubation progressed. Two possibilities seemed apparent t o account for the increase: ( I ) either inulin penetration might occur slowly and the increase might result from gradual penetration into constant fluid spaces or (2) tissue swelling might occur and the increasing inulin space might reflect an increasing tissue extracellular space.
To study the effect of inulin penetration time, flasks of placental tissue fragments were incubated for 5 hr in Earle's medium and (3H)inulin was added t o each flask at various times before the termination of incubation. As shown in Figure 1 , inulin space increased with penetration time. The increase was initially rapid and then considerably slower. By 30 min, inulin space had risen to 85% of its value at 5 hr. Inasmuch as all of the tissue actually incubated for 5 hr, the increase must be caused by penetration rather than tissue swelling with incubation.
T o measure tissue swelling with incubation directly, flasks of tissue fragments were incubated for periods of 1-5 hr. Inulin was added t o each flask 6 0 min before the end of incubation and the inulin space attained in 1 hr of penetration was taken as a measure of the extracellular fluid. As shown in Figure 2 , extracellular fluid measured by this technique did not vary with incubation time. Appreciable tissue swelling either did not occur within 5 hr or was compensated for by the pressure-blotting procedure.
These results demonstrate that the increase in inulin space with incubation noted previously results from increasing inulin penetration into tissue rather than actual tissue swelling. The initial phase rapid rise in Figure 1 is almost certainly caused by penetration into extracellular space. The meaning of the second phase is less clear. It could be caused by penetration into a less accessible extracellular component or, alternatively, could result from slow penetration of inulin into cellular space of the trophoblast. In support of the second possibility are the facts that syncytiotrophoblast is known t o take up macromolecules by pinocytosis (1, 15) and that inulin has been reported t o cross the human placenta in vivo from mother t o fetus (3). These considerations, together with the prolonged nature of the second phase rise, indicate the difficulty in making an exact measurement of placental extracellular space with inulin (or any other marker) by allowing the penetration t o reach a constant value.
For these reasons, the procedure described in method 2 was employed. Addition of inulin at a constat time before the termination of incubation allowed uniform penetration in any given study. The range of penetration times employed was chosen so that the first phase would be essentially complete and the second phase would be in its initial stage. This procedure was designed, to achieve an extracellular fluid measurement which would be as close as possible to the true value and would not be affected by variation of preincubation or incubation time in the course of the experiment.
RESULTS

METABOLIC INHIBITORS AND PREINCUBATION
Placental tissue fragments were preincubated in Earle's medium containing various concentrations of cycloheximide. At intervals, tissue was transferred to fresh medium and its ability to concentrate AIB was measured in a 20-min incubation. At each concentration of cycloheximide the AIB concentration ratio attained was plotted against preincubation time (Fig. 3) . The increase in concentrating ability with preincubation seen in the control is similar t o that found in the previous study. This increase was completely eliminated by cycloheximide at concentrations greater than 1-2 pg/ml and partially eliminated at lower concentrations. demonstrates that cycloheximide blocked the preincubation increase in transport activity rather than the transport process itself (25) . 
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To determine the effect of amino acids on the preincubation increase in transport capacity, placental tissue was preincubated in various concentrations of alanine or AIB, transferred t o fresh medium, and tested in a 20-min incubation for ability t o concentrate AIB. As seen in Figure 6 , transport activity of tissue preincubated in 1 mM alanine increased, but at a rate which was apparently slower than that of control tissue. The difference between control and alanine-preincubated tissue might result either from decreased formation of new transport capacity during preincubation or from decreased activity of existing transport capacity due t o intracellular alanine which had accumulated during preincubation. T o attempt t o distinguish between these two alternatives, experiments of the type shown in Figure 7 were performed. Tissue was preincubated in 0.5, 1, or 2 mM alanine. The increase in concentrating ability ------------00 lpg/rnl in 3 hr was again less than that of control tissue. At 3 hr, cycloheximide was added t o the preincubation flasks t o block further increase by protein synthesis and at 4 hr the tissue was transferred t o fresh cycloheximide-containing, alanine-free medium t o decrease alanine levels in tissue. In this medium, the level of transport activity in tissue increased sharply despite the presence of cycloheximide. This increase suggested Because cycloheximide is a toxic substance, it was desirable t o establish that the effect was reversible and not caused by nonspecific tissue toxicity. T o demonstrate reversibility, a group of tissue fragments was incubated for 1.5 hr with cycloheximide and then divided into two portions. One portion remained in cycloheximide-containing medium. The tissue of the other portion was transferred three times at 30-min intervals t o flasks of fresh medium t o remove the cycloheximide. As shown in Figure 4 , such transferring completely eliminated the cycloheximide effect and caused concentrating ability t o increase at a rate which was actually greater than that of the control.
The effect of inhibitors of aerobic metabolism on the preincubation increase is shown in Figure 5 . Both dinitrophenol and cyanide blocked the increase in concentrating ability as effectively as cycloheximide. Also shown in Figure 5 is the effect of preincubation in Earle's medium and subsequent incubation with ( 1 4 c )~1~ in the presence of cycloheximide. The increase in concentrating ability of such tissue was comparable with that of the control, which Fig. 4 . Removal of cycloheximide (Cyc) during preincubation. Tissue from a single placenta was preincubated in medium containing cycloheximide (1 pg/ml) and in control medium. At 1.5 hr a portion of tissue from the cycloheximide-containing flask was transferred three times to fresh medium to remove the inhibitor. At various intervals of preincubation, tissue was tested for ability to concentrate a-aminoisobutyric acid and data were plotted as in Figure 3 . Removal of cycloheximide reverses the blockage of the preincubation effect. 
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PREINCUBATION TlME (HOURS) Fig. 5 . Effect of dinitrophenol (DNP) and cyanide (CN-) on preincubation increase in transport. Tissue from a single placenta was preincubated in medium containing cycloheximide (Cyc), DNP, or NaCN and in control medium. Tissue was tested for ability to concentrate a-aminoisobutyric acid and data plotted as in Figure 3 . DNP and CN-block the preincubation increase as effectively as cycloheximide. Portions of tissue from the control preincubation flask were also incubated with a-aminoisoburyric acid in the presence of cycloheximide. This inhibitor has no effect on the transport process itself. PREINCUBATION TlME (HOURS) Fig. 6 . Effect of alanine on preincubation increase in transport. Tissue from a single placenta was preincubated in medium containing 1 mM alanine and in control medium. Tissue was tested for ability to concentrate a-aminoisobutyric acid and data were plotted as in Figure  3 . a-Aminoisobutyric acid uptake of alanine-preincubated tissue increases at a rate somewhat slower than that of control tissue. Fig. 7 . Effect of removal of alanine on placental transport activity. Placental tissue was preincubated in medium containing 0.5 mM, 1 mM, or 2 mM alanine (Ala) and in control medium. At 3 hr, cycloheximide was added to all flasks to give a final concentration of 1 pg/ml. At 4 hr, the remaining tissue in each flask was transferred to a new flask of control medium. Tissue was tested for ability to concentrate a-aminoisobutyric acid and data were plotted as in Figure 3 . Preincubation flask for the 1-hr point contained cycloheximide from zero time. Lines are labeled with alanine concentration. Data shown is from one of three similar incubations of tissue from individual placentas. At 3 and 4 hr, concentrating ability of alanine-preincubated tissue is lower than control value. However, when placed in alanine-free medium, the alanine-preincubated tissue increases sharply in concentrating ability despite the presence of cycloheximide. that m u c h of t h e difference seen a t 3 h r was caused b y levels of alanine i n tissue.
PREINCUBATION T l M E (HOURS)
I t was necessary t o separate m o r e clearly t h e potential of amino acids t o suppress formation of new transport capacity from their potential t o modulate t h e activity of existing transport capacity. F o r this purpose, AIB rather t h a n alanine was used t o eliminate effects caused b y metabolism, and preincubation with AIB was performed in t w o parallel flasks with equal concentrations of AIB. O n e flask contained a small a m o u n t of ( 1 4 c )~1~. Tissue from this flask was analyzeddirectly t o determine t h e intracellular concentrations of AIB. Tissue f r o m t h e o t h e r flask, containing only ( l C)AIB, was transferred t o fresh medium and incubated with 0.1 mM (14C)AIB t o determine tissue concentrating ability a t the determined intracellular AIB concentration. Figure 8 shows t h e results of a s t u d y using this technique. After 3.5 h r of preincubation of tissue in 1.5 mM AIB, t h e intracellular AIB concentration was 9 mM and concentrating ability was considerably less than that of control tissue preincubated in t h e absence of AIB. Addition of AIB t o t h e medium of portions of t h e control tissue caused t h e intracellular concentration t o rise and tissue concentrating activity t o fall. After 1 h r b o t h had attained levels comparable t o those of tissue originally preincubated in AIB. This experiment was repeated three times with similar results and was unaffected b y brief rinsing of tissue t o remove t h e small quantity of trapped extracellular AIB before measurements of The intracellular AIB concentration is given in parentheses next to data points. Addition of AIB to control preincubated tissue causes concentrating ability to decrease. When control and original AIB-preincubated tissue are studied with the same intracellular concentrations, their 30-min AIB uptake is the same. uptake and concentration. It is clear that intracellular AIB or alanine can decrease ability t o concentrate external AIB. Furthermore, the concentrating ability of AIB-preincubated tissue is the same as that of control tissue provided that both are tested with the same intracellular AIB concentration.
MEDIUM CHANGE DURING PREINCUBATION
In the study with cycloheximide, it was noted that changing the preincubation medium frequently not only eliminated the effect of the cycloheximide, but also enhanced the effect of preincubation. The resulting increase in transport activity was greater than that attained during the control preincubation (Fig. 4) . T o explore this finding, placental tissue was subjected t o preincubation in the absence of cycloheximide. Frequent changing of the medium was again found to enhance the preincubation effect and concentration ratios 50% greater than those of control preincubated tissue were attained.
The relation of the quantity of tissue per volume of medium t o the increase in transport with preincubation was determined. Figure 9 demonstrates that preincubation at a concentration of 1.5 g tissue/100 ml medium resulted in a greater increase in transport than did preincubation at 6.0 g/100 ml. Changing the medium during preincubation at t h e dilute concentration further enhanced the effect. Glucose concentrations in medium after the 4.5 hr of preincubation at 6.0 g/100 ml were 155 -1 65 mg/100 ml. In the presence of cycloheximide, differences in preincubation effects due to concentration of tissue and changing of the medium did not occur (Fig. 9, lower lines) .
These findings suggested that the preincubation effect might be inhibited by a substance released from the tissue into the medium. T o investigate this possibility more directly, placental tissue was incubated at 4.0 g/100 ml for 6 hr. The medium was separated from the tissue and glucose added t o restore the concentration t o 200 mg/100 ml. When equilibrated with 5% COz in oxygen, the pH of this "old preincubation medium" was 7.35, the same as that of fresh medium. The effectiveness of old preincubation medium in supporting the increase in AIB uptake was determined. The results (Fig. 10 ) demonstrate that at both concentrations of tissue tested, the increase in transport activity on preincubation in old medium is considerably less than that on preincubation in fresh medium.
DISCUSSION
Based o n this work and the previous investigation (22) , two apparently distinct mechanisms for control of placental amino acid uptake can be described. The first mechanism is responsible for the increase in tissue capacity for AIB uptake with preincubation; the second permits regulation of existing , * 1.5g/100 ml , ..* 6.0 g/100 ml /I 5 (/I00 ml-cyc medium change 1.5g/100 ml -cyc I 0 I 2 3 4 5 PREINCUBATION TlME (HOURS) Fig. 9 . Effect of concentration of tissue and change of medium on preincubation increase in transport. Placental tissue was preincubated in cycloheximide-containing (cyc) and control medium and tested for concentrating ability. Data plotted as in Figure 8 . Lines are labeled with quantity of tissue per milliliter of preincubation medium. Concentration of tissue in incubation medium remained constant. Lines marked medium chg. indicate medium was changed twice between 1 and 2.5 hr. Data shown is from one of three similar incubations of tissue from individual placentas. In the absence of cycloheximide, preincubation increase is greater at lower concentrations of tissue and is further enhanced by changing medium. In the presence of cycloheximide, these effects do not occur. Fig. 10 . Effect of previously used medium on preincubation increase in 0-aminoisobutyric acid uptake. Tissue from a single placenta was preincubated for 6 hr at a concentration of 6.0 g tissue/lOO ml medium. The tissue was removed and glucose was added to restore the concentration to 200 mg/100 mi. Tissue from a second placenta was then preincubated in this previously used medium and in fresh medium. Tissue was tested for concentrating ability and data plotted as in Figure  8 . Lines are labeled with type of preincubation medium and concentration of tissue during preincubation. The figure shows data from one of three similar incubations, each of which involved tissue from two placentas as described. Increase in transport capacity is less when previously used medium is employed for preincubation.
tissue activity by high concentrations of intracellular amino acid.
The first mechanism, which brings about the increase in tissue uptake with in vitro preincubation, was shown previously t o result in an increase in maximum velocity of uptake. Studies with inhibitors now indicate that this process requires protein synthesis and aerobic metabolism. In these respects it is apparently similar t o increases in amino acid transport described in immature chick and rat muscle tissue (8-10) and rat uterus (20) and found t o be limited to a particular transport system. This mechanism appears t o involve synthesis of a protein which is rate limiting t o transport, perhaps a component of a membrane carrier system. In chick and rat muscle, increase in transport activity b y this mechanism can be blocked by the presence in the preincubation medium of high concentrations of amino acids transported by the same pathway as AIB (9, 18) . The studies described in this paper were designed t o determine whether in the placenta this mechanism is regulated b y these amino acids at concentrations present in the in vivo tissue environment.
The concentrations used (1-2 mM) were chosen t o be comparable with the sum of the maternal plasma concentrations of amino acids shown t o be transported similarly t o AIB in a number of tissues (5, 9, 1 1, 14, 18 ).
Three types of experiments from this study indicate that such amino acids at these apparently physiologic concentrations d o not directly control the preincubation increase in transport capacity. (1) Although transport activity was lower in tissues which had been preincubated in the presence of alanine, the complete blockage of the preincubation increase seen in certain muscle tissues (9) was never observed in placental tissue. (2) Prolonged incubation in the presence of high concentrations of alanine necessarily leads to high intracellular alanine levels which could in themselves influence transport activity. T o assess the significance of this possibility, the cellular alanine concentrations were permitted t o decrease by an additional short incubation in the presence of cycloheximide to block protein synthesis. This treatment caused transport activity of the alanine preincubated tissue t o increase t o levels nearly as great as those of control tissue. (3) AIB was used t o attempt t o block the preincubation increase and parallel preincubations with t h e same concentrations of radioactive AIB were performed t o determine intracellular concentration. These experiments demonstrated clearly that when control and AIB-preincubated placental tissue were tested with the same intracellular AIB concentrations, their transport activities were the same. Therefore, in apparent contrast t o findings in immature muscle (9) , this study of the placenta has not shown blockage of the increase in transport capacity by amino acids transported b y the same pathway as AIB (26) .
The rate of increase in concentrating ability with preincubation was inversely related t o the amount of tissue per volume of medium and was enhanced b y changing the medium at intervals. Furthermore, use of medium which had previously been employed for preincubation resulted in a lower increase in concentrating ability than did use of fresh medium. These phenomenon were not dependent o n the supply of glucose or the pH. During preincubation, some as yet unidentified tissue substance is apparently released into the medium and inhibits the increase in transport activity. Inasmuch as the effects of tissue concentration and medium change did not occur in the presence of cycloheximide, the tissue substance must regulate a process which is dependent o n protein synthesis.
The second mechanism for regulation of AIB uptake apparently permits high intracellular concentrations t o decrease existing tissue transport activity and inhibit further uptake. Evidence for existence of such a mechanism is shown in the experiment of Figure 8 in which the addition of AIB t o placental tissue leads t o high intracellular concentrations and to a decrease in transport activity. In other tissue systems, a variety of mechanisms has been proposed t o account for similar decreases in transport activity (2, 8 , 10, 14, 19, 2 1) . In placental tissue, this phenomenon has not been investigated in detail and the mechanism remains t o be determined.
SUMMARY
Placental villous tissue was incubated with the nonmetabolizable amino acid analog, a-aminoisobutyric acid, t o study uptake into the intracellular fluid. Two potential mechanisms for regulation of uptake have been identified. The first mechanism brings about an increase in cellular concentrating ability with preincubation of tissue in a balanced salt, glucosecontaining medium. The second mechanism causes a decrease of existing transport activity b y amino acids at high intracellular concentrations.
Studies with inhibitors indicate that the first mechanism, the preincubation increase, requires protein synthesis and aerobic metabolism. In apparent contrast t o results in other tissues, no blockage of the preincubation increase b y alanine or AIB could be demonstrated in placenta, provided that control and amino acid-preincubated tissue were tested with the same intracellular amino acid concentration. Variation of the amount of tissue per volume of medium and studies with reuse of previously used preincubation medium indicated that the increase in transport activity is inhibited by an as yet unidentified tissue substance which is released into the medium.
In vivo these two regulatory mechanisms could provide a basis for regulation of amino acid transfer from mother to fetus.
